Abstract
INTRODUCTION
The world is facing a dramatic increase in the number and proportion of its elderly. Driven by remarkable improvements in life expectancy, the number of people aged 60 years and over is projected to grow from 901 million in 2015 to 1.4 billion in 2030, and more than double that in 2015 to 2.1 billion by 2050 [1] . Whilst being a product of economic success and advancement in healthcare, an ageing population will suffer more death and disability from illnesses such as heart disease, diabetes, and cancer [2] . Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the fourth leading cause of cancer death globally, accounting for 1.4 million new cases and almost 700 000 deaths in 2012 [3] . The incidence and mortality rates for CRC increases with age, with 90% of new cases and over 90% of deaths occurring at 50 years and beyond [4] . This raises genuine concern that CRC will result in a greater burden on healthcare with the shift towards an older demographic.
The normal physiological process of ageing reduces functional capacity and reserve, leading to a decreased ability to mount an adequate response to stress and resulting in a worse outcome should post-operative complications arise. Another problem is the increasing number and severity of comorbidities with age which may impact patient tolerance of anesthesia. With advanced age and chronic illness, the decision to undergo major surgery in the elderly patient can be challenging. Not infrequently, patients and their family members decline operative intervention due to age-related concerns. Even to the surgeon, the benefit of resection in certain individuals may not be so clear-cut. Moreover, the elderly are under-represented and under-prioritized in randomized trials [5] , resulting in difficulty in generalizing existing data. Many clinicians now recognize that surgery in the elderly is different in terms of risks and meaningful outcomes [6] . We aimed to analyze our outcomes following major elective colorectal surgery in the elderly to determine factors significantly influencing mortality. A pre-operative scoring system predicting post-operative outcomes more objectively could then be derived, facilitating the decision-making process for both surgeons and patients.
MATERIALS AND METHODS
Data for all patients aged 70 and above who underwent elective surgery for nonmetastatic CRC at Singapore General Hospital (SGH) Department of Colorectal Surgery from 1 January 2005 to 31 December 2012 were obtained from hospital electronic records. Patients with evidence of distant disease, those who underwent emergency surgery or had surgery for benign colorectal conditions were excluded from the analysis. Instances of surgery for CRC recurrence occurring in the same patient over the study period were also excluded. Information for an equivalent group of elderly patients electively operated on at Kyungpook National University Chilgok Hospital (KNUCH), Daegu, South Korea, was retrieved over the same duration.
Statistical analysis
Missing data were filled using multiple imputation, performed via sequential imputation using chained equations with predictive mean matching. The variable with the highest proportion of missing values in the model derivation dataset was 11.5%. All variables, apart from the variable being imputed, were included in the imputation model to avoid bias. A total of 100 imputations were performed. To simplify the eventual prognostic scoring, the "minimum P value approach" was adopted to detect appropriate cut points for continuous variables [7, 8] . Cut point selection was guided by upper and lower limits of normal laboratory values and an attempt was made to keep cut points to the nearest whole number, tens or fives to facilitate clinical ease of use. As Cox models do not provide a straightforward estimation of the baseline survival function required for predicting absolute survival probabilities, a flexible parametric model [Royston-Parmar (RP)] was constructed instead with all-cause mortality as the outcome [9] . All outcomes were truncated at three years from the time of surgery and patients who had not died were censored at three years. All independent variables were included in the multivariate regression and backward elimination was used to remove variables with P values greater than or equal to 0.05 until all the remaining variables had P values of < 0.05. A survival score was calculated for all patients using the final RP model's beta coefficients. Patients were stratified by survival score and categorized into three arbitrary prognostic groups, defined using the 20 th and 80 th percentiles of the survival score. The observed survival profiles of the three prognostic groups were assessed using the Kaplan-Meier estimator and compared using the log-rank test. Calibration was evaluated by visually inspecting the agreement between observed and predicted 3-year survival by superimposing predicted survival profiles over the Kaplan-Meier curves.
External validation
The final RP model derived on the cohort from SGH to predict 3-year post-operative survival was applied on the group of patients from KNUCH. Discrimination and calibration were evaluated as previously described. Where evidence of model miscalibration was observed, recalibration was performed by fitting an RP model to the validation data using the linear predictor of the existing model on the log relative hazard scale. All statistical analyses were performed using Stata/MP Version 15.1 (College Station, TX, United States) and R Version 3.3.4 (www.r-project.org).
Model productization
An online calculator was developed from our model to predict three-year survival profiles. The interactive calculator, generated via https://www.shinyapps.io/, facilitates individualized point-of-care survival probability and aids the visualisation of the predicted survival probability profile over time, given the unique combination of risk factors present [10] . The study protocol has been approved by the SingHealth Institutional Review Board (CIRB Ref No. 2015/2374).
RESULTS
A total of 1643 elective colorectal resections were performed for 1623 patients aged 70 and above over the study duration. One hundred and eighty-seven patients who underwent surgery for non-malignant conditions and 169 patients known to have distant metastasis at the time of surgery were excluded from the analysis. Twenty instances of repeat surgery for cancer recurrence performed for the same patient during the study period were also excluded. Analysis of 1267 resections for colorectal malignancy was performed. Clinical characteristics are shown in Table 1 .
Outcome measures used were the 30-d post-operative complication rate, classified according to the Clavien-Dindo tool, and overall survival (OS). Complication details are summarized in Table 2 . While just under one-quarter of patients experienced early complications, high grade complications of Clavien-Dindo III or higher only occurred in 82 patients (6.5%). These included 30 deaths within the initial 30 post-operative days; 21 were secondary to cardiorespiratory complications, eight were attributable to anastomotic leaks and the remaining one was due to a cerebrovascular accident.
The median post-operative length of stay was 8 (IQR 6-12) dand median follow-up duration was 47 (IQR 19-75) mo. Median OS was 78 (IQR 65-85) mo. Of 670 deaths occurring within the follow-up up period, 339 were attributable to CRC (51%), while 331 (49%) died of other causes. Disease recurrence occurred in 276 (22%), with a median time from surgery to recurrence of 13 (IQR 7-23) mo. Most cancer recurrences presented at distant locations only (65%), while locoregional recurrence without distant metastasis occurred in 30 patients (11%). Disease relapse in both local and distant organs accounted for a quarter of all recurrences (24%).
Univariate analysis of all suitable pre-operative variables is shown in Table 3 . The final multivariate model for predicting OS is provided in Table 4 with the resultant survival curves generated from this model in Figure 1 . The model stratifies OS reasonably well in terms of discrimination (separation of the three risk category curves) and calibration (agreement between observed and predicted survival curves for each risk category).
Baseline characteristics of patients from the Singapore and the Korean cohorts are compared head-to-head in Table 5 . The SGH and KNUCH cohorts differ considerably in terms of survival, with the 80 th percentile surviving 18 mo vs 85 mo respectively ( Figure 2 ). Applying the model developed from the SGH cohort to stratify patients in the KNUCH dataset expectedly revealed model miscalibration. However, relative separation between the observed survival curves of patients in the three risk categories showed acceptable model discrimination ( Figure 3 ). Model recalibration improved the agreement between the observed and predicted survival curves ( Figure  4 ).
Interactive online calculators
Following successful external validation, the model was productized as an interactive online calculator, available at http://bit.ly/sgh_crc.
DISCUSSION
One of the biggest challenges in healthcare is coping with an ageing population. In Singapore, the proportion of over 65-year-old has doubled from 6.0% in 1990 to 11.8% in 2015. With an annual increase of 0.5%-0.7% per year, this figure is expected to reach 20%-25% of the population by 2030. Life expectancy at birth in 2015 was 82.9 years (males 80.5 years, females 85.1 years), with the old age-dependency ratio climbing steadily to reach 16.2 per 100 residents (aged 15 to 64 years old) [11] . This census highlights not only the increasing proportion of the elderly but the potential strain on the rest of the working population. A similar trend can be observed in many developed nations worldwide.
In 2000, the Colorectal Cancer Collaborative Group published a systemic review of 28 studies consisting of more than 34000 patients, looking at outcomes post-colorectal surgery [12] . Patients were stratified by age group; less than 65 years, 65-74 years, 75-84 years, and above 84 years. The median post-operative mortality rates across these age groups were 3.0%, 6.4%, 8.6%, and 19.4% respectively. Median anastomotic leak rates were 4.0%, 5.0%, 4.0% and 3.0% respectively. The data does suggest that good surgical outcomes can be achieved in the elderly, but individualized evaluation of treatment goals and communication of realistic anticipated outcomes are essential [13] . Several risk stratification systems have been developed. Established scoring methods such as the American Society of Anesthesiologists score and Charlson Comorbidity Index are commonly used but have well described flaws; the former is too subjective with little specificity, and the latter was not designed to predict perioperative risks in surgical patients. Colorectal surgery-specific scoring, such as the [14] , but contain intraoperative or tumor staging parameters, which limit their use as a pre-operative optimization or counselling tool. This motivated us to develop a prognostic assessment tool to quantify the risk of mortality and predict survival after surgery in the elderly.
In the Singapore cohort, the rates of anastomotic leak, 30-d morbidity and 30-d mortality were 1.3%, 23.4% and 2.4% respectively. These outcomes are comparable to existing data on the elderly published during the past 10 years, with reported anastomotic leak rates ranging from 0.8%-5.9%, 30-d complications rates 17%-38% and 30-d mortality rates 0%-16% [15] [16] [17] [18] [19] [20] [21] [22] . Only the OS prediction model was selected for validation with the external cohort, for several reasons. High grade morbidity of Clavien-Dindo grade III or IV accounted for less than one-fifth of the overall complications arising within 30 d. This limited the clinical applicability of a model predicting early clinically-relevant morbidity due to the small number of events. Moreover, the main causes of post-operative morbidity in elderly patients are known to be cardiovascular or pulmonary in nature [12, 22] , each of which already have existing specific risk assessment tools [23, 24] . Compared to OS, predicting disease-free survival may also not be as practical to the geriatric patient with several life expectancy-limiting illnesses. Cancer-specific survival in the elderly has previously already been shown to be similar to that of the younger age group [12] . In the multivariate model, factors significant for predicting 3-year all-cause mortality were serum albumin < 35 g/dL, serum carcinoembryonic antigen ≥ 20 µg/L, T stage 3 or 4, tumor cell differentiation of moderate or worse, mucinous histology, rectal tumors, and the presence of existing chronic obstructive lung disease (COPD). As the model was intended to serve as a pre-operative patient counselling tool, intraoperative findings and information only available following final histopathological examination of the resected specimen were not included in the analysis.
Determination of the local stage of colorectal cancer can be difficult before surgery. A recent meta-analysis of 13 studies showed that computed tomography had good overall sensitivity of 90% at differentiating T1-T2 from T3-T4 colonic tumors [25] , although a lower specificity estimate of 69% likely stemmed from radiologists interpreting benign pericolic desmoplastic reaction as tumor invasion to reduce the risk of understaging. Nodal stage prediction pre-operatively is even less precise and this was therefore not included in the univariate analysis.
Of all comorbidities analyzed (Table 3) , only COPD remained significant for poorer OS on multivariate analysis. While COPD is known to confer a higher risk of early morbidity and mortality following abdominal surgery [26] , longer term survival may be adversely influenced by associated pulmonary hypertension as well as the extrapulmonary inflammatory effects of the disease [27] . Active smoking per se did not prove significant on univariate analysis.
Interestingly, age did not significantly influence OS on multivariate analysis, unlike in previous studies [12, 22] . This demonstrates that advanced age alone without the presence of other predictors will not necessarily lead to a poorer outcome and should not be a contraindication to major resection.
The Singapore and Korean cohorts were similar in terms of patient age, cancer location and tumor differentiation. Disparity in survival between the populations was likely a result of a larger distribution of advanced cancers in the Singapore group; 18.2% vs 11.5% had T4 tumors, and 19.1% vs 10.9% had N2 disease. Median preoperative CEA levels were also significantly higher in the SGH cohort (4.3 µg/L vs 2.4 µg/L). This may reflect a trend of elderly patients presenting later in the disease process in the Singapore population compared to Korean. The advent of national healthcare electronic records implemented in Singapore may also mean that mortality events are more readily captured even if they had discontinued follow-up at our institution.
Despite the differences in OS between the Singapore and Korea cohorts, observably distinct separation between survival curves was displayed when the Singapore model was applied to the external population ( Figure 3 ). This suggests discriminatory capacity of the predictors for revealing relative survival differences amongst elderly patients who had undergone surgery for CRC. In absolute terms, however, the predicted survival probabilities generated did not match the observed survival profile of the external validation cohort and appeared miscalibrated. Regressing the original scores on observed survival in the external cohort allowed for the identification of an appropriate correction factor (beta coefficient). This was used to recalibrate the original scores following which successful validation was evident in the improved agreement between the observed and predicted survival curves (Figure 4) .
Our study was subject to the limitations and bias inherent in observational retrospective research. The most important limitation was selection bias. Elderly patients who had already undergone elective surgery would have tended to be physiologically fitter based on traditional methods of patient evaluation. While it would have been ideal to compare our cohort with cancer patients who had not had surgery over the study duration, this information was unavailable. Measures of patient frailty or function, e.g., hand grip strength or ambulatory distance, while increasingly recognized as predictors of surgical morbidity and mortality in the elderly [28] , was neither consistently recorded during the study duration nor has any part of current practice at our institution. The dissimilarity in survival between the cohorts may reflect the shortcomings of comparison between the populations of two distinct geographical locations, but eventual validation of the model notwithstanding these variations can be considered a strength. To ensure predictive accuracy of the model, further validation including re-identification of a correction factor with possible recalibration should be undertaken before use in separate populations.
In conclusion, while clinical decision-making for elderly patients with CRC can be challenging, advanced age per se is not a risk factor for poorer survival outcomes and patients should not be denied surgery based on age alone. However, there is a need for more objective pre-operative risk stratification in this vulnerable group of patients. Our novel scoring system predicting mortality following major resection uses parameters which are available before the surgery and can assist in the counselling and decision-making process between surgeons, their patients and families. Validation with an external Asian population strengthens the generalizability of this scoring method, although further validation may be necessary prior to adoption in 
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Research background
Driven by remarkable improvements in life expectancy, the world is facing a dramatic increase in the number and proportion of its elderly. The incidence and mortality rates for colorectal cancer (CRC) increases with age, resulting in a greater burden on healthcare. Moreover, the life expectancy of an elderly patient with CRC may depend less on the malignant disease and more on their pre-morbid condition. Data shows that good surgical outcomes can be achieved in the elderly, but individualized evaluation of treatment goals and communication of realistic anticipated outcomes are essential.
Research motivation
With advanced age and chronic illness, the decision to undergo major surgery in the elderly patient can be challenging. Not infrequently, patients and their family members decline operative intervention due to age-related concerns. Even to the surgeon, the benefit of resection in certain individuals may not be so clear-cut. Moreover, the elderly are under-represented and under-prioritized in randomized trials, resulting in difficulty in generalizing existing data. Established risk stratification methods are commonly used but have well described flaws. This motivated us to develop a specific prognostic assessment tool to quantify the risk of mortality and predict survival after surgery in the elderly.
Research objectives
We aimed to analyze our outcomes following major elective colorectal surgery in the elderly to determine factors significantly influencing mortality. A pre-operative scoring system predicting post-operative outcomes more objectively could then be derived, facilitating the decision-making process for both surgeons and patients.
Research methods
Data for all patients aged 70 and above who underwent elective surgery for non-metastatic CRC at Singapore General Hospital Department of Colorectal Surgery from 1 January 2005 to 31 December 2012 were obtained from hospital electronic records. Patients with evidence of distant disease, those who underwent emergency surgery or had surgery for benign colorectal conditions were excluded from the analysis. Instances of surgery for CRC recurrence occurring in the same patient over the study period were also excluded. Information for an equivalent group of elderly patients electively operated on at Kyungpook National University Chilgok Hospital, Daegu, South Korea, was retrieved over the same duration.
Research results
A total of 1267 patients were identified for analysis. The median post-operative length of stay was 8 [interquartile range (IQR) 6-12] d and median follow-up duration was 47 (IQR 19-75) mo. Median OS was 78 (IQR 65-85) mo. Following multivariate analysis, the factors significant for predicting overall mortality were serum albumin < 35 g/dL, serum carcinoembryonic antigen ≥ 20 µg/L, T stage 3 or 4, moderate tumor cell differentiation or worse, mucinous histology, rectal tumors, and pre-existing chronic obstructive lung disease. Advanced age alone was not found to be significant. The Korean cohort consisted of 910 patients. The Singapore cohort exhibited a poorer OS, likely due to a higher proportion of advanced cancers. Despite the clinicopathologic differences, there was successful validation of the model following recalibration. An interactive online calculator was designed to facilitate post-operative survival prediction, available at http://bit.ly/sgh_crc.
Research conclusions
Advanced age per se is not a risk factor for poorer survival outcomes and patients should not be denied surgery based on age alone. However, there is a need for more objective pre-operative risk stratification in this vulnerable group of patients. Our novel scoring system predicting mortality following major resection uses parameters which are available before the surgery and can assist in the counselling and decision-making process between surgeons, their patients and families. Validation with an external Asian population strengthens the generalizability of this scoring method.
Research perspectives
While it was not possible compare our cohort with cancer patients who had not had surgery over the study duration, this information should be considered for future studies. The dissimilarity in survival between the cohorts may reflect the shortcomings of comparison between the populations of two distinct geographical locations, but eventual validation of the model notwithstanding these variations can be considered a strength. To ensure predictive accuracy of the model, further validation including re-identification of a correction factor with possible recalibration should be undertaken before use in separate populations.
